Maize grains are the important source of food and energy, but possess very low proA (< 2.5 µg/g) compared to target level of 15 µg/g set by HarvestPlus to alleviate VAD. Favorable allele having variation in 5′ untranslated region (UTR) of lycopene epsilon cyclase (lcyE) gene enhances concentration of proA in maize. To identify the sequence variation in 5′ UTR of lcyE, a set of diverse 13 inbreds of indigenous and exotic origin was characterized for allelic constitution of lcyE. Inbreds possessed wide variation in proA (1.62-23.12 µg/g) with a mean of 9.64 µg/g. The proA in CIMMYT-HarvestPlus genotypes having favorable allele of lcyE was very high (22.28 µg/g), whereas the Indian inbreds with the same allele possessed very low proA (2.48 µg/g). Eight genotypes viz., HKI161, HKI163, HKI161-PV, HKI163-PV, HKI193-1-PV, HKI193-2-PV, HP704-22 and HP704-23 revealed the presence of favorable allele, while VQL1, DMRIL47, MGU-PV-123/C6, HKI193-1 and HKI193-2 showed the presence of unfavorable allele of lcyE gene. Sequence comparison of favorable allele of Indian (HKI161 and HKI163) and exotic genotypes (HP704-22 and HP704-23) revealed seven SNPs having three transitions (SNP1 and SNP3: G to A, SNP2: C to T) and four transversions (SNP4: C to G, SNP5: T to G, SNP6: G to C and SNP7: G to T). Four SNPs (SNP1: position 446, SNP2: position 458, SNP3: position 459 and SNP4: position 483) discriminated the lowand high-proA lines having favorable allele of lcyE 5′TE. These SNPs hold significance in enrichment of proA in maize for marker development and their use in marker-assisted selection.
Introduction
Micronutrient deficiency is predominantly caused by consumption of staple food which lacks recommended level of micronutrients for normal body functions (Gupta et al. 2015; Neeraja et al. 2017) . Two billion people suffer from micronutrient deficiency, while 795 million people are undernourished (IFPRI 2016) . Among various micronutrients, vitamin A deficiency (VAD) has emerged as a serious health problem that affects 4.4 million preschool-age children and nearly 20 million pregnant women worldwide (http ://www. harv estp lus.org). About 50 per cent of such cases occur in India with severe form of VAD. In extreme cases, VAD causes night blindness, keratomalacia, irreversible blindness, measles, diarrhea and respiratory diseases (Bouis and Saltzman 2017). These problems are mainly prevalent in the Africa, Meso-America and many Asian countries. Among cereals, maize serves as a major source of food and energy to millions of people in the developing and developed countries (Yadav et al. 2015) . Traditional maize possesses < 2.5 μg/g of provitamin A (proA) compared to target level of 15 μg/g set by HarvestPlus (Pixley et al. 2013) . Biofortification of maize for enrichment of proA therefore assumes great significance, as it is a viable approach for cost-effective and sustainable solution to alleviate VAD, compared to other approaches viz., food fortification, medical supplementation and dietary diversification (Tanumihardjo et al. 2007 ).
In carotenoid biosynthesis pathway, lycopene epsilon cyclase (lcyE) and β-carotene hydroxylase (crtRB1) genes regulate the accumulation of proA carotenoids in maize kernel (Harjes et al. 2008; Bai et al. 2009; Yan et al. 2010; Babu et al. 2013) . The gene lcyE located on chromosome 8 (bin 8.05; 3640 bp) consists of 10 exons, and is responsible for alteration of lycopene flux down to α-carotene versus β-carotene branches. Allele mining strategy employed by Harjes et al. (2008) revealed four natural lcyE polymorphisms explaining 58% of the variation and a threefold difference in proA carotenoids. Among the four identified polymorphisms viz., lcyE 5′TE [transposable element; in 5′-untranslated region (UTR)] alone causes significant increase in proA content over other variations viz., lcyE SNP216 (in exon 1), lcyE SNP2238 (in intron 4) and lcyE 3′InDel (in 3′ UTR) (Harjes et al. 2008) . The locus crtRB1 identified by Yan et al. (2010) on chromosome 10 (bin: 10.05) with 5455 bp size had three polymorphisms viz., 5′TE (in 5′ UTR), InDel4 (in coding region) and 3′TE (in exon 6 and 3′ UTR), that were significantly associated with accumulation of high proA in maize kernel. The gene crtRB1 has been utilized in the development of proA-rich maize cultivars worldwide (Muthusamy et al. 2014; Liu et al. 2015) , while Dhliwayo et al. (2014) has developed maize with > 20 μg/g proA through introgression of lcyE. Moreover, combination of crtRB1 and lcyE accumulates more proA as compared to crtRB1 alone, and therefore introgression of both the alleles is desirable to accumulate higher proA in maize kernels Zunjare et al. 2017a) .
DNA mutations like single nucleotide polymorphisms (SNPs) and insertion/deletions (InDels) are associated with the phenotypic diversity of crop plants (Vignesh et al. 2013; Saini et al. 2016; Udoh et al. 2017) . The function of gene is altered when SNPs or InDels present in the coding region of gene causes change in the amino acid sequence and such nucleotide changes are called "functional nucleotide polymorphisms (FNPs)". However, SNPs/InDels present in the 5′-and 3′-UTRs also affect gene regulation mainly at translational level through interaction of RNA-binding proteins (Makarevitch et al. 2015) . Insertion and deletions of transposons in the genes create structural changes in DNA sequence and therefore affects gene function (Ito et al. 2013) . In both crtRB1 and lcyE, transposon had played a major role for creation of different alleles with diverse function (Harjes et al. 2008; Yan et al. 2010 ). Sequencing of alleles of candidate genes and subsequent discovery of FNPs would be useful in the development of functional markers for precise and accurate genotyping in marker-assisted breeding program (Saini et al. 2016; Udoh et al. 2017) . Through sequence analysis of 3′ UTR of crtRB1 gene, Vignesh et al. (2013) discovered SNP4, SNP13, InDel6 and InDel7 as functional variations that clearly discriminated the high and the low β-carotene genotypes belonging to Indian and exotic origin. These variations might be responsible for low β-carotene in Indian genotypes despite having favorable allele of crtRB1. However, no such sequence analyses have been undertaken for lcyE. The present study was, therefore, aimed to (i) characterize the sequence variation(s) in the 5′ UTR of lcyE among Indian and exotic genotypes and (ii) identify the sequence variation(s) in the favorable allele of lcyE gene differentiating the high and low proA genotypes.
Materials and methods

Maize inbred panel
A set of 13 diverse maize inbreds originating from national institutes and CIMMYT-HarvestPlus program was selected for the present study (Table 1) . Four inbreds from CCSHAU, Uchani (HKI161, HKI163, HKI193-1, HKI193-2); six from IARI, New Delhi (HKI161-PV, HKI163-PV, HKI193-1-PV, HKI193-2-PV, DMRIL47, MGU-PV-123/C6); one from VPKAS, Almora (VQL1) and two from CIMMYT-HarvestPlus program (HP704-22 and HP704-23) were selected for sequence analyses (Table 1) . These inbred lines were characterized for the presence of favorable/unfavorable alleles of both lcyE and crtRB1 through PCR amplification. Among the lines, HKI161-PV, HKI163-PV, HKI193-1-PV, and HKI193-2-PV were improved for proA using marker-assisted selection (MAS) (Muthusamy et al. 2014; Zunjare et al. 2017a) . While, the other inbreds were identified through genotyping.
Estimation of provitamin A
Self-fertilized ears of each inbred were harvested at grain moisture ~ 12-14%. These ears were then dried for 3 days in the shade under ambient environment and then shelled using maize grain sheller. Separate packets with proper label were prepared, and placed in − 20 °C deep freezer. Proper care was taken at the time of harvesting, drying and seed bulking to avoid any loss of carotenoids due to light, heat and oxygen. The extraction of proA from inbred lines was carried out using procedure as per Zunjare et al. (2017a) . Quantification of proA was carried out with a Dionex Ultimate 3000 UHPLC System (ultra high performance liquid chromatography; Thermo Scientific, Massachusetts, USA). Samples were eluted through YMC Carotenoid C30 column (5 µm, 4.6 × 250 mm; YMC) and detected with a diode array detector-3000 (RS). Significance for proA concentration among different genotypic classes was tested using 't' test.
DNA isolation and amplification of lcyE and crtRB1
Using standard CTAB procedure as per Murray and Thompson (1980) , genomic DNA was isolated from 21 days old seedlings of each selected inbred. DNA was isolated from three different plants of each genotype and then pooled in equal quantity for analysis. Polymerase chain reaction (PCR) was performed using High-Fidelity Taq-DNA Polymerase (Thermo Scientific™) to amplify the unfavorable/favorable of lcyE using gene-based primers; forward: 5′AAG CAG GGA AGA CAT TCC AG3′ and reverse: 5′GAG AGG GAG ACG ACG AGA CAC3′. Favorable allele in the 5′TE region of the lcyE gene, i.e., allele 4 (650 bp) enhances the β-branch carotenoids by increasing the pathway flux towards β-branch, while unfavorable allele (300 bp) diverts lycopene to α-branch (Harjes et al. 2008) . Inbreds were also characterized for the presence of unfavorable/favorable allele of crtRB1 by primers; forward: 5′ACA CCA CAT GGA CAA GTT CG3′, reverse1: 5′ACA CTC TGG CCC ATG AAC AC3′ and reverse2: 5′ACA GCA ATA CAG GGG ACC AG3′. PCR conditions for both the genes were used as given in Zunjare et al. (2017b) .
Sequencing and SNP discovery
PCR products of the lcyE among 13 inbreds were sequenced in both the directions using forward and reverse primers with two replications at M/s Sequencher Tech Pvt. Ltd., Ahmedabad. The contigs of each genotype were generated using both forward and reverse sequence with BioEdit program (Hall 1999) . The sequences were then aligned using BioEdit and ClustalW (http ://www.ebi.
ac.uk/tool s/clus talw 2/inde x.html ). The aligned sequences were used to analyze the presence of SNPs/InDels specific to genotype.
Results
Genotypic characterization for lcyE and crtRB1
The selected 13 inbreds were characterized for the allelic constitution of lcyE and crtRB1. The eight genotypes viz., HKI161, HKI163, HKI161-PV, HKI163-PV, HKI193-1-PV, HKI193-2-PV, HP704-22 and HP704-23 revealed the presence of favorable allele (650 bp), while VQL1, DMRIL47, MGU-PV-123/C6, HKI193-1 and HKI193-2 possessed unfavorable allele (300 bp) of lcyE gene. For crtRB1, eight genotypes (HKI161-PV, HKI163-PV, HKI193-1-PV, HKI193-2-PV, DMRIL47, MGU-PV-123/C6, HP704-22 and HP704-23) amplified the favorable allele (543 bp) (Fig. S1 ), whereas five inbreds (VQL1, HKI161, HKI163, HKI193-1 and HKI193-2) had unfavorable allele (296 bp) ( Table 2) . Considering both loci, six inbreds (HKI161-PV, HKI163-PV, HKI193-1-PV, HKI193-2-PV, HP704-22 and HP704-23) possessed favorable alleles of both lcyE (650 bp) and crtRB1 (543 bp). On the contrary, VQL1, HKI193-1 and HKI193-2 possessed unfavorable alleles of both the genes. The two inbreds (HKI161 and HKI163) possessed favorable allele of lcyE, but unfavorable allele of crtRB1. Conversely, DMRIL47 and MGU-PV-123/C6 carried unfavorable allele of lcyE and favorable allele of crtRB1 gene (Table 2) . 
Kernel provitamin A in inbreds
The results revealed wide range of proA content (1.62-23.12 µg/g) among 13 genotypes ( Table 2 ). The highest proA was possessed by HP704-23, while the lowest proA was recorded in HKI193-2, with a mean 9.64 µg/g. Based on their allelic status at crtRB1 and lcyE genes, 13 genotypes were classified into four classes (Class I-IV). Class-I (crtRB1: 296 bp, lcyE: 300 bp) recorded mean proA of 1.92 µg/g. Class-II (crtRB1: 296 bp, lcyE: 650 bp), class-III (crtRB1: 543 bp, lcyE: 300 bp) and class-IV (crtRB1: 543 bp, lcyE: 650 bp) had mean proA of 2.47, 6.30 and 16.99 µg/g, respectively ( Table 2 ). The t test performed among the means of four classes showed Class-IV was significantly different from Class-III, -II and -I suggesting the beneficial effects of favorable allele of crtRB1 and lcyE (Table 3 ). In the genotype where favorable allele of crtRB1 is present, mean proA (14.32 µg/g) is higher compared to genotypes where unfavorable allele of crtRB1 is present (2.14 µg/g).
Sequence variation in 5′ UTR of lcyE
The lcyE-unfavorable allele (VQL1, DMRIL47, MGU-PV-123/C6, HKI193-1 and HKI193-2) was aligned with lcyE-favorable allele to identify the transposon insertion in the 5′ UTR of lcyE. Sequence alignment has revealed about ~ 380-400 bp insertion of transposon (Fig. S1 ). Among the inbreds of Indian origin, HKI161 and HKI163 only possessed favorable allele of lcyE, while two exotic inbreds (HP704-22 and HP704-23) had the lcyE-favorable allele. Other inbreds viz., HKI163-PV, HKI193-1-PV and HKI193-2-PV were developed through MAS in India (Zunjare et al. 2017a) , and therefore possessed favorable alleles from exotic donor lines. On the contrary, HKI161-PV, HKI161 and HKI163 were naturally found inbreds with favorable allele of lcyE (Muthusamy et al. 2014 . Importantly, HKI161 and HKI163 had very low proA viz., 2.49 and 2.46 µg/g, respectively, while HP704-22 and HP704-23 possessed very high proA measuring 21.44 and 23.12 µg/g, respectively.
The sequence comparison of these lines revealed a total of 41 SNPs and five InDels. Of these variations, seven SNPs clearly differentiated the lcyE-favorable allele from Indian and exotic genotypes. The seven SNPs were named as SNP1 (G to A) at position 447, SNP2 (C to T) at position 459, SNP3 (G to A) at position 460, SNP4 (C to G) at position 484, SNP5 (T to G) at position 557, SNP6 (G to C) at position 566 and SNP7 (G to T) at position 607 (Fig. S2) . Among the seven point mutations, three SNPs (SNP1, SNP2, and SNP3) were of transition types, while four SNPs (SNP4, SNP5, SNP6, and SNP7) were of transversion type. The biochemical evaluation of 13 inbreds clearly showed that favorable allele of crtRB1 has major effect on proA enhancement over unfavorable allele. Therefore, to elucidate the effect of sequence variation in lcyE allele for proA, genotypes possessing favorable allele of crtRB1 were used. Six genotypes (HKI161-PV, HKI163-PV, HKI193-1-PV, HKI193-2-PV, HP704-22 and HP704-23) possessing favorable alleles of both crtRB1 and lcyE were selected for identifying possible phenotypic effect of sequence variations in 5′ UTR of lcyE. These six genotypes could be classified into two groups depending upon their proA content. Group-A (mean proA: 12.13 µg/g) had two inbreds (HKI161-PV, and HKI163-PV), while group-B comprised of four inbreds viz., HKI193-1-PV, HKI193-2-PV, HP704-22 and HP704-23 which had high proA (19.42 µg/g). The electropherograms of the SNP1, SNP2, SNP3 and SNP4 is presented as Fig. 1 . A total of 26 SNPs and one InDel were observed among selected genotypes. SNP1 (G to A) at position 446, SNP2 (C to T) at position 458, SNP3 (G to A) at position 459 and SNP4 (C to G) at position 483 clearly discriminated group-A (low proA) and group-B (high proA). SNP1, SNP2 and SNP3 were of transition type whereas; SNP4 was of transversion type (Table 4) (Figs. 1, S3) . 
Discussion
Insertion of transposon in lcyE
Transposons first called as 'controlling elements' by McClintock (1956) , may result in mutant alleles by changing the reading frame and splicing pattern thereby affecting gene expression (Makarevitch et al. 2015) . Firstly, Harjes et al. (2008) have reported the insertion of transposon in untranslated regions of lcyE. In the present study, we have further characterized the nature of insertion at 5′ UTR of lcyE. Sequence comparison of lcyE-favorable and -unfavorable allele showed ~ 380-400 bp insertion of transposon in the 5′ UTR of lcyE. Transposon insertions have been reported in many genes of maize and led to the creation of different haplotypes of tb1 (teosinte branched1), and vgt1 (vegetative to generative transtion1) genes affecting the adaptation and stress response of plants (Studer et al. 2011; Castelletti et al. 2014) . Expression profiling experiment revealed that lines with insertion of transposon near the start site of lcyE gene had much lower level of function (Harjes et al. 2008) . The point of transposon insertion in the present study was dOCT transcription factor binding site (CAC GGC TC), which is a member of NAC (NAM, ATAF1/2 and CUC2) domain protein family involved in a variety of abiotic stresses mediated by synthesis of lutein (Shao et al. 2015) . This disruption could be responsible for influencing ratio of α-to β-carotenoids, thereby suggesting that transposon insertion favors low lutein profile in maize endosperm.
Sequence variation in lcyE of indigenous and exotic inbreds
The importance of lcyE gene for maize biofortification was demonstrated by Harjes et al. (2008) through investigation on 288 diverse inbreds. Of the four polymorphisms, the favorable allele (650 bp) of lcyE 5′TE causes up to 30% reduction in the ratio of α-to β-branch carotenoids. Subsequently, Vallabhaneni and Wurtzel (2009) and Yan et al. (2010) suggested further enrichment of proA by combining crtRB1 and lcyE-favorable alleles. However, the frequency of favorable allele of lcyE is very low in natural maize germplasm. Allele screening among 385 inbreds by Muthusamy et al. (2015) revealed that only two indigenous and 11 CIM-MYT inbreds possessed lcyE-favorable allele. In present study, seven SNPs differentiated the favorable allele of lcyE from indigenous and exotic origin. Burt et al. (2011) showed one SNP per 36 nucleotides by characterizing lcyE sequence of 34 high carotenoid lines. We observed one SNP per ~ 15 nucleotides in 5′ UTR of lcyE gene. The occurrence of SNP frequency of 150 bp was observed by Udoh et al. (2017) in lcyE gene sequence of 167 lines of cassava.
Effect of crtRB1 versus lcyE on proA
The evaluation of the diverse inbreds recorded wide variation for proA, and functional markers revealed favorable and unfavorable alleles of crtRB1 and lcyE genes ( Table 2) . It has been observed that the higher proA is due to favorable allele of crtRB1 irrespective of lcyE. On the contrary, crtRB1 unfavorable allele showed lower level of proA. This indicated crtRB1 possessed pronounced effect on proA enrichment. Similarly, major effect of crtRB1 for proA improvement was well recorded by several researchers (Vallabhaneni and Wurtzel 2009; Yan et al. 2010; Vignesh et al. 2012; Babu et al. 2013; Zunjare et al. 2017a ). Subsequently, crtRB1-based introgression programs were carried out to develop biofortified maize varieties enriched with proA (Muthusamy et al. 2014; Liu et al. 2015) . In the present study, variation for proA observed in genotypes possessing favorable allele of crtRB1 could be due to other genes involved in carotenoid biosynthesis pathway (Zhou et al. 2012; Azmach et al. 2013; Kandianis et al. 2013; Muthusamy et al. 2014) . Among various genes, lcyE has been implicated as an important gene that regulates proA accumulation in maize . In the present study, lcyE-favorable allelic class (650 bp) had high mean proA (13.36 µg/g) than lcyEunfavorable allelic class (3.67 µg/g). Considering both loci, favorable genotypes had mean proA of 16.99 µg/g, which is much higher than unfavorable genotypes with a mean proA of 1.92 µg/g. Zunjare et al. (2017a) also suggested that the effect of crtRB1 had major impact and lcyE could cause 24.6% increase in proA, suggesting that the pyramiding of crtRB1 with lcyE would be promising for further proA enhancement. Moreover, recent estimates of 3.2:1 (Muzhingi et al. 2011) , and 6.5:1 (Li et al. 2010) indicate that bioconversion of β-carotene from biofortified maize is considerably more efficient than the ratio of 12:1 proposed by the United States Institute of Medicine (2001) .
Sequence variation at favorable allele of lcyE in high-and low-proA inbreds
In this study, we analyzed nucleotide differences at 5′ UTR of lcyE gene in two groups that differed significantly for proA content. Genotypes comprising of group-A (~ 12 µg/g) and InDel7 identified in the 3′ UTR clearly differentiated the high and the low β-carotene genotypes in crtRB1 gene (Vignesh et al. 2013) . Translational efficiency largely depends on 5′ UTR of genes due to the presence of control elements such as the m7G cap, secondary structure, length and nucleotide sequence nearby AUG start codon (Jackson et al. 2010) . Also, specific sequence motifs located at 5′ UTR are involved in controlling translational efficiency in either positive or negative manner (Kim et al. 2014) . Here, the identified variations in the study could be affecting any of the controlling features present in the 5′ UTR of the lcyE gene, thereby affecting its phenotypic expression. Another possibility could be the change in upstream open reading frames in the 5′ UTR that can modulate the translational efficiency (Kim et al. 2014) . Vignesh et al. (2013) also mentioned the role of SNPs and InDels at 3′ UTR of crtRB1 for proA accumulation through regulating the translational efficiency of the mRNA. However, the SNPs identified here require validation in a large set of diverse inbreds differing for proA.
Utilization in future breeding program
So far, selection of lcyE-favorable allele in the breeding program has been carried out using gene-based marker that produces 650 bp amplicon as the favorable allele (Harjes et al. 2008; Babu et al. 2013 ). However, the amplicon does not detect the presence of favorable or unfavorable SNPs PCR product that may lead to the selection of unfavorable SNPs thus lcyE allele. This SNP-based information, thus, can be used to develop co-dominant markers to differentiate the most effective allele of lcyE from other versions. SNPs were identified in cassava by sequencing of lcyE gene, and these SNPs were utilized to develop CAPS marker for utilization in MAS program focusing on proA improvement (Udoh et al. 2017) . Similarly for quality improvement in Brassica juncea, two CAPS marker were developed from SNPs identified in fatty acid elongase 1 (fae1) gene that differentiated low and high erucic acid genotypes (Saini et al. 2016) . Estimation of proA using HPLC in large segregating progenies involves high cost ). On the other hand, PCR-based co-dominant marker system efficiently identifies the heterozygotes from homozygotes in the segregating populations, and desirable individual plants can be backcrossed without phenotyping (Collard et al. 2005) . Considering this, MAS for lcyE especially in the genetic background of crtRB1 has been advocated as the most viable approach for proA enrichment in maize (Harjes et al. 2008; Babu et al. 2013) . Using the co-dominant marker system, favorable allele of crtRB1 has been effectively introgressed into elite inbreds to develop proA rich genotypes (Muthusamy et al. 2014; Liu et al. 2015) . Thus, development of effective marker system for SNPs identified here can lead to the identification of the most favorable allele of lcyE for their effective utilization in the maize biofortification program.
To best of our knowledge, this is the first ever report on identification of nucleotide variations in the favorable allele of lcyE in maize.
Conclusion
The nucleotide differences observed in the 5′ UTR of lcyE among Indian and CIMMYT-HarvestPlus genotypes are linked with the proA accumulation through possible regulation of translational efficiency of mRNA. Despite the fact that HKI161-PV, HKI163-PV, had the favorable allele of lcyE, the accumulation of proA was low due to the presence of nucleotide polymorphisms. The four SNPs identified in the present study will be useful in designing allele-specific co-dominant primers for maize biofortification program.
